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Synaptojanin 2 Functions at an Early Step
of Clathrin-Mediated Endocytosis
inhibit synaptojanin 2 expression. The lung carcinoma
line A-549 was transiently transfected with either of two
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Bronx, New York 10461 on the steady-state level of PI(4,5)P2, a substrate of
the 5-phosphatase domain of synaptojanin 2. This lipid
plays an important role in clathrin-mediated endocytosis
[6, 7] and is an essential binding partner of many endo-Summary
cytic proteins, including adaptor protein 2 (AP2), epsin,
clathrin adaptor protein AP180, and dynamin [8, 9]. ItsSynaptojanin 2 is a ubiquitously expressed polyphos-
spatio-temporal control is thought to be critical forphoinositide phosphatase that displays a high degree
proper endocytic function [6, 7, 10, 11]. HPLC analysis ofof homology in its catalytic domains with synaptojanin
A-549 cells metabolically labeled with myo-[3 H]-inositol1 [1, 2]. Neurons of synaptojanin 1-deficient mice dis-
showed a 20% increase (p  0.05) in PI(4,5)P2 levels inplay an increase in clathrin-coated vesicles and de-
SJ2 siRNA-treated cells versus controls, with no signifi-layed reentry of recycling vesicles into the fusion-com-
cant differences in PI(4)P levels (Figure 1B), supportingpetent vesicle pool, but no defects in early steps of
a role for synaptojanin 2 in controlling the levels ofendocytosis [3, 4]. Here we show that inhibition of
PI(4,5)P2. Very similar changes were observed in neuronssynaptojanin 2 expression via small interfering (si) RNA
obtained from synaptojanin 1-deficient mice [3].causes a strong defect in clathrin-mediated receptor
We next determined the effect of synaptojanin 2internalization in a lung carcinoma cell line. This inhibi-
depletion on clathrin-mediated endocytosis. SiRNA-tory phenotype is rescued by overexpression of wild-
treated cells were incubated in the presence of rhoda-type synaptojanin 2, but not of wild-type synaptojanin
mine-labeled EGF for 10 min at 37C. Immunofluores-1 or mutant synaptojanin 2 that is deficient in 5-phos-
cence microscopy showed normal EGF uptake in controlphatase activity. In addition, electron-microscopic
siRNA-treated cells, whereas 85% of SJ2 siRNA-treatedanalysis shows that synaptojanin 2 depletion causes
and 45% of SJ2-3 siRNA-treated cells displayed stronga decrease in clathrin-coated pits and vesicles. These
inhibition of EGF internalization (Figure 1C, quantifiedresults suggest a role for synaptojanin 2 in clathrin-
in Figure 2B). Similar levels of inhibition were observedcoated pit formation and imply that lipid hydrolysis is
in early endocytosis when cells were fixed 5 min afterrequired at an early stage of clathrin-mediated endo-
incubation with EGF (our unpublished data). Receptor-cytosis. Taken together, our results also indicate that
mediated transferrin internalization was inhibited to asynaptojanin 2 is functionally distinct from synapto-
similar extent (our unpublished data). We also quantifiedjanin 1.
the effect of synaptojanin 2 depletion on receptor inter-
nalization by using fluorescence-assisted cell sorting
Results and Discussion (FACS). SJ2 siRNA treatment did not change the number
of EGF receptors on the cell surface in unstimulated
To examine the role of synaptojanin 2 in clathrin-medi- conditions, as determined by FACS (our unpublished
ated endocytosis, we employed RNA interference [5] to data), but it caused a 75% decrease in EGF uptake
(Figure 1D). These results provide direct evidence for
an essential role for synaptojanin 2 at an early step of*Correspondence: msymons@nshs.edu
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Figure 1. Synaptojanin 2 Depletion Inhibits Receptor Internalization
(A) Synaptojanin 2 siRNA inhibits protein expression. A-549 cells were transfected with 60 pmoles of the indicated siRNA oligos and grown
for 72 hr. Cell lysates were analyzed by Western blotting with anti-SJ2 antiserum. Anti-dynamin 2 antiserum was used to demonstrate equal
loading.
(B) Synaptojanin 2 depletion increases PI(4,5)P2 levels. A-549 cells were transfected with the respective siRNAs, labeled, and analyzed as
described in the Experimental Procedures. Data shown are the means  SEM of three experiments performed in duplicate (*p  0.05).
(C and D) Synaptojanin 2 depletion inhibits EGF receptor internalization. (C) Fluorescence microscopy. A-549 cells were transfected with the
respective siRNAs for 72 hr. After serum starvation, cells were incubated with rhodamine-labeled EGF for 10 min, fixed, and processed for
fluorescence microscopy. The top panel shows Dapi staining, and the lower panel shows internalized EGF. The scale bar represents 20 m.
The results are representative of six independent experiments performed under the same conditions. (D) FACS analysis. A-549 cells were
treated as described for (C). After incubation with EGF, cells were detached and taken up in PBS, and FACS analysis was performed. The
black areas in the two left panels represent unstained cells, and the gray areas represent cells transfected with either SJ2 siRNA (top) or
control siRNA (bottom). Panels are representative of three independent experiments. The graph shows internalized rhodamine-EGF of SJ2
siRNA-treated cells and controls. Shown is the mean / SEM of three independent experiments.
clathrin-mediated endocytosis. In contrast, recent data 145 kDa isoform of synaptojanin 1, the 170 kDa isoform
is also expressed in some nonneuronal cells [12]; weobtained with neurons from synaptojanin 1-deficient
mice shows that loss of synaptojanin 1 does not affect could not, however, detect endogenous 170 kDa synap-
tojanin 1 in A549 cells by Western blot analysis (ourearly stages of synaptic vesicle formation but rather
slows down the reentry of recycling vesicles into the unpublished data). Although SJ2 siRNA also inhibits the
expression of recombinant synaptojanin 2 to some ex-fusion-competent vesicle pool [4].
To confirm the functional difference between the syn- tent, the level of exogenous synaptojanin 2, even when
expressed in SJ2 siRNA-treated cells, was still signifi-aptojanin 1 and 2, we tested whether the expression
of recombinant synaptojanin 1 or 2 could restore EGF cantly higher than the levels of endogenous synapto-
janin 2 in untransfected cells (our unpublished data). Byinternalization in cells that are depleted of endogenous
synaptojanin 2. To achieve this, we transfected A-549 this protocol, EGF internalization was restored to normal
levels in about 80% of the cells transfected with synap-cells with SJ2 siRNA and, after an incubation time of 48
hr to enable efficient depletion of endogenous synapto- tojanin 2, whereas cells transfected with synaptojanin
1 showed levels of EGF internalization that were similarjanin 2, we transfected either recombinant synaptojanin
2 or the 170 kDa isoform of synaptojanin 1 and incubated to those observed in cells treated with SJ2 siRNA alone
(Figures 2A and 2B). Transfection of synaptojanin 1 inthe cells for an additional 24 hr. Unlike the brain-specific
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cells treated with control siRNA did not inhibit EGF inter-
nalization, verifying that overexpression of synaptojanin
1 does not in itself inhibit clathrin-mediated endocytosis
(Figures 2A and 2B). These results therefore further sub-
stantiate a role for synaptojanin 2 in early endocytosis,
in contrast to the function of synaptojanin 1.
The functional difference between the two synapto-
janins is somewhat surprising in light of the fact that
they share PI(4,5)P2 as a common substrate [2]. To verify
that the role of synaptojanin 2 in endocytosis is indeed
due to the catalytic activity of its 5-phosphatase do-
main, we examined whether a synaptojanin 2 mutant
that is catalytically inactive could restore normal EGF
internalization in cells depleted of endogenous synapto-
janin 2. After treatment of A-549 cells with SJ2 siRNA for
48 hr, we retransfected with a 5-phosphatase-deficient
mutant and detected no significant restoration of EGF
internalization (Figures 2A and 2B), pointing to the es-
sential role of the 5-phosphatase domain of synapto-
janin 2, and therefore PI(4,5)P2 hydrolysis, in the regula-
tion of vesicle internalization. Similar results were
obtained with the SJ2-3 siRNA (our unpublished data).
To determine at which step of clathrin-mediated endo-
cytosis synaptojanin 2 functions, we performed electron
microscopy on siRNA-treated cells. SJ2 siRNA treat-
ment caused a reduction of clathrin-coated pits and
vesicles at all stages that we examined. Early and late
stages of pit formation were impaired by 50%, whereas
clathrin-coated vesicles were reduced by 60% in com-
parison to control siRNA-treated cells (Figure 3). These
data are consistent with our observations that synapto-
janin 2 depletion causes a strong inhibition in receptor
internalization and confirm a role for synaptojanin 2 at
an early stage of clathrin-coated-pit formation. These
observations, however, are in contrast with the pheno-
types reported for synaptojanin 1-deficient mice and
C. elegans that is mutant for unc-26, the synaptojanin
ortholog [3, 13]. Neurons of synaptojanin 1-deficient
mice display an accumulation of clathrin-coated vesi-
cles, indicating a defect in the uncoating process [3]. A
similar phenotype was observed in C. elegans unc-26
[13]. Taken together, these data provide strong evidence
for distinct roles of synaptojanins 1 and 2 in clathrin-
mediated endocytosis.
The molecular basis for the different roles of synapto-
Figure 2. Reconstitution Experiments janins 1 and 2 in clathrin-mediated endocytosis remains
The 5-phosphatase activity of synaptojanin 2 is essential for to be established. Because the synaptojanins are
clathrin-mediated endocytosis. thought to have the same substrate specificity [2], it is
(A) A-549 cells were transfected with either SJ2 siRNA or control likely that their functional differences are mediated by
siRNA and 48 hr later were transferred to glass coverslips and trans-
their specific localization. To date, very little is knownfected with HA-tagged wild-type synaptojanin 2 (wtSJ2), wild-type
about the localization of the two synaptojanins. How-synaptojanin 1 (wtSJ1), or the 5-phosphatase catalytically inactive
ever, because the small GTPase Rac1 binds to synapto-synaptojanin 2 (PD*SJ2). After a total of 72 hr, cells were serum
starved for 6 hr and incubated with rhodamine-EGF for 10 min. After janin 2, but not to synaptojanin 1 [14, 15], it is tempting to
fixation, cells were processed for indirect immunofluorescence with speculate that this interaction contributes to the specific
an anti-HA antibody for synaptojanin 2 or antiserum against synap- localization and function of synaptojanin 2.
tojanin 1, followed by a FITC-labeled secondary anti-mouse anti- Our data also indicate that synaptojanin 2-regulated
body. Arrows indicate the cell expressing either synaptojanin 1 or
hydrolysis of PI(4,5)P2 is required for the formation ofPD*SJ2. The scale bar represents 20 m.
clathrin-coated pits. We previously showed that overex-(B) Quantitative analysis of experiments shown in Figures 1C and
2A. For each condition, 200 cells were scored for their ability to pression of a membrane-targeted 5-phosphatase do-
internalize EGF. Shown are means/ SEM. Data shown are repre- main of synaptojanin 2 also causes inhibition of endocy-
sentative of 3 independent experiments. tosis [14]. Taken together, these results underscore the
importance of a tight regulation of PI(4,5)P2 levels at the
membrane. Either a surplus of PI(4,5)P2, caused by SJ2
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proteins. A possible candidate for the localized action
of synaptojanin 2 is epsin. Epsin binds to PI(4,5)P2 via
its epsin NH2-terminal homology (ENTH) domain and
has been implicated in an early stage of clathrin-medi-
ated endocytosis [18]. Epsin is thought to facilitate
coated-pit formation by promoting positive membrane
curvature in conjunction with clathrin polymerization
[19]. However, clathrin-coated pits and budding vesicles
also display negative curvature at the neck of an emerg-
ing vesicle, and localized lipid turnover may be required
for the generation of these features [20].
In summary, our results indicate an essential function
of synaptojanin 2 in clathrin-coated-pit formation. These
findings extend the role of regulated PI turnover in endo-
cytosis from vesicle uncoating to clathrin-coated-pit for-
mation.
Experimental Procedures
Synthesis and Transfection of siRNA
siRNAs were synthesized by Dharmacon (CO), and the siRNA du-
plexes were prepared as instructed by the manufacturer to yield
a final concentration of 20 M. The siRNA sequences targeting
synaptojanin 2 (accession number AF318616; the synaptojanin 2
isoform we use corresponds to synaptojanin 2B2 as described in
Nemoto et al. [15]) correspond to the coding regions 1612–1633 for
SJ2 siRNA and 4925–4946 for SJ2-3 siRNA. Control siRNA was
generated against GL2 luciferase (accession number X65324), cod-
ing region 153–173, or the hematopoietically specific Rac2 (acces-
sion number NM002872), coding region 556–577. The accession
numbers are from GenBank, and the coding regions are numbered
relative to the first nucleotide of the start codon. A-549 cells were
plated at 70% confluency in 24-well plates in DMEM supplemented
with 10% fetal calf serum without antibiotics 24 hr prior to transfec-
tion with 60 pmoles siRNA with oligofectamine (Invitrogen, CA),
as described by the manufacturer. For reconstitution experiments,Figure 3. Synaptojanin 2 Depletion Inhibits Clathrin-Coated-Pit
A-549 cells were plated and transfected as described above. Forty-and -Vesicle Formation
eight hours after transfection with siRNA, cells were replated and(A–C) Examples of coated pits: a shallow pit (s) is defined as a pit
transfected with plasmids expressing either HA-tagged wild-typewhose depth is smaller than its width; an invaginated pit (i) is a pit
synaptojanin 2 or HA-tagged synaptojanin 2 with a catalytically inac-whose depth is equal to or greater than its width. (D) Example of a
tive 5-phosphatase domain (R796A, R803A). Both constructs en-coated vesicle. The scale bars in (B) and (D) represent 100 nm. The
code a truncated synaptojanin protein that misses the first 59 aminopairs (A,B) and (C,D) have the same magnification. (E) Quantification
acids that precede the conserved SAC1 domain.of clathrin-coated-pit and -vesicle formation. (S) shallow pits; (I)
invaginated pits; (CP) total of coated pits; and (CV) coated vesicles.
Endocytosis Assay and ImmunofluoresenceA-549 cells were transfected with the respective siRNAs and, 72 hr
siRNA-transfected cells were grown on coverslips for 72 hr, serumafter transfection, cells were harvested and prepared for electron
starved for 6 hr, and incubated with 6.5 nM rhodamine-labeled EGFmicroscopy, and the number of clathrin-coated pits (shallow and
or 50 g/ml rhodamine-labeled transferrin (Molecular Probes, OR)invaginated) and vesicles was quantified from 20 complete cell pro-
for 10 min. Cells were transferred on ice, acid washed twice for 5files as described in the Experimental Procedures. The graphs pres-
min in 50 mM glycine (pH 3) and 100 mM NaCl, and fixed in 4%ent data from four independent experiments.
formaldehyde (Ted Pella, CA). After being mounted in Vectashield
(Vector Laboratories, CA), cells were analyzed via an Olympus IX-70
depletion, or a deficit of PI(4,5)P2, caused by overexpres- microscope with a Hamamatsu CCD camera and Inovision software.
sion of synaptojanin 2, interferes with clathrin-mediated
endocytosis. Studies on the invasion of the bacterial FACS Analysis
Transfection and rhodamine-EGF labeling were carried out as de-pathogen Salmonella show that the bacterial PI(4,5)P2-
scribed above. After acid washing, cells were incubated with 5phosphatase SigD, which shares sequence homology
trypsin for 5 min. Immediately after detachment, cells were takenwith the 5-phosphatase domain of synaptojanins [16],
up in PBS and analyzed by FACS (Facs Calibur, Becton Dickinson,
promotes localized PI(4,5)P2 turnover at the base of the CA) with the Cell Quest software. For binding studies, cells were
forming phagosome and that this PI(4,5)P2 hydrolysis trypsinized and then incubated with rhodamine-EGF at 4C for 2 hr.
is essential for vesicle fission [17]. A requirement for
PI(4,5)P2 hydrolysis during vesicle formation and fission Measurement of Intracellular PI(4,5)P2 Levels
siRNA transfected A-549 cells were grown for 36 hr, then labeledtherefore may be an essential feature of different traf-
for another 36 hr in medium 199 (Gibco, MD) containing 12.5 Ci/ficking processes such as clathrin-mediated endocyto-
ml myo-[3H]inositol (New England Nuclear, MA). Lipids were ex-sis and phagocytosis.
tracted as described in [21], deacylated at 52C for 45 min in mono-
The precise mechanism of action of synaptojanin 2 in methylamine mixture (40% aqueous mono-methylamine:water:n-
clathrin-coated-pit formation remains to be determined. butyl-alcohol:methanol, 4.5:1:1.125:5.875, v/v). After lyophilization,
samples were resuspended in 0.5 ml H2O, to which 0.7 ml n-butylPI(4,5)P2 is a cofactor for a large number of endocytic
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alcohol:petroleum ether (b.p. 40C–60C):ethyl formate (20:4:1, v/v) Modular phosphoinositide-binding domains—their role in sig-
nalling and membrane trafficking. Curr. Biol. 11, R882–R893.was added. The lower phase was reextracted and lyophilized. Deac-
ylated lipids were separated by anion exchange HPLC on a Partisil 10. Kinuta, M., Yamada, H., Abe, T., Watanabe, M., Li, S.A., Kami-
tani, A., Yasuda, T., Matsukawa, T., Kumon, H., and Takei, K.10SAX column (Jones Chromatography, Mid Glamorgan, UK) [21].
Radioactivity in the eluate was monitored with an online radioactivity (2002). Phosphatidylinositol 4,5-bisphosphate stimulates vesi-
cle formation from liposomes by brain cytosol. Proc. Natl. Acad.flow detector (FLO ONE A-525, Packard, The Netherlands).
Sci. USA 99, 2842–2847.
11. Takei, K., and Haucke, V. (2001). Clathrin-mediated endocytosis:Electron Microscopy
membrane factors pull the trigger. Trends Cell Biol. 11, 385–391.siRNA-transfected A-549 cells were grown for 72 hr, rinsed with 0.1
12. Ramjaun, A.R., and McPherson, P.S. (1996). Tissue-specific al-M sodium cacodylate buffer, and fixed with 2% glutaraldehyde for
ternative splicing generates two synaptojanin isoforms with dif-60 min at 4C. The fixed cells were rinsed in cacodylate buffer,
ferential membrane binding properties. J. Biol. Chem. 271,scraped, and collected by centrifugation. The cell pellet was post-
24856–24861.fixed in 2% osmium tetroxide at 4C, dehydrated, and embedded
13. Harris, T.W., Hartwieg, E., Horvitz, H.R., and Jorgensen, E.M.in LR-White resin (MecaLab, Que´bec). Ultrathin sections (80 nm)
(2000). Mutations in synaptojanin disrupt synaptic vesicle recy-were contrasted with uranyl acetate and lead citrate and examined
cling. J. Cell Biol. 150, 589–600.in a Zeiss CEM902 electron microscope. Complete cell profiles,
14. Malecz, N., McCabe, P.C., Spaargaren, C., Qiu, R., Chuang, Y.,including a nucleus, were identified at low magnification (3,000),
and Symons, M. (2000). Synaptojanin 2, a novel Rac1 effectorand the plasma membrane was then scanned at high magnification
that regulates clathrin-mediated endocytosis. Curr. Biol. 10,(12,000–30,000) for the presence of clathrin-coated pits or vesicles.
1383–1386.
15. Nemoto, Y., Wenk, M.R., Watanabe, M., Daniell, L., Murakami,
Antibodies T., Ringstad, N., Yamada, H., Takei, K., and De Camilli, P. (2001).
Antiserum against synaptojanin 1 [12] and synaptojanin 2 [14] was Identification and characterization of a synaptojanin 2 splice
previously described; dynamin 2 antiserum was obtained from Santa isoform predominantly expressed in nerve terminals. J. Biol.
Cruz (CA), monoclonal AP2 antibody from Affinity Bioreagents (CO), Chem. 276, 41133–41142.
monoclonal tubulin antibody from Upstate Biotechnology (NY), and 16. Marcus, S.L., Wenk, M.R., Steele-Mortimer, O., and Finlay, B.B.
monoclonal HA antibody from Roche (IN). Polyclonal antisera against (2001). A synaptojanin-homologous region of Salmonella typhi-
phospho-ERK and ERK as well as secondary HRP-conjugated rabbit murium SigD is essential for inositol phosphatase activity and
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